The retinal degeneration characterized with death of retinal ganglion cells is a pathological hallmark and the final common pathway of various optic neuropathies. Thus, there is an urgent need for identifying potential therapeutic compounds for retinal protection. Tetramethylpyrazine has been suggested to be neuroprotective for central neurons by acting as an antioxidant and a calcium antagonist. In this study, we tested the effects of tetramethylpyrazine on the viability of both neuronal and non-neuronal cells in mixed rat retinal cell cultures during a long-term cultivation or following hydrogen peroxide treatments. Cellular and biochemical analyses demonstrated that 50 mM tetramethylpyrazine significantly preserved neuronal morphology and survival in retinal cell cultures following 4-week in vitro cultivation as well as lethal exposures to hydrogen peroxide (10 mM or 50 mM for 24 h). Hydrogen peroxide treatments induced remarkable increases in lipid peroxidation and mitochondrial reactive oxygen species (ROS) generation paralleled by the loss of mitochondrial membrane potential, microtubule-associated protein-2 (MAP-2) in neuronal soma and rattin peptide in cultured cells. Addition of tetramethylpyrazine in the cultures efficiently attenuated the signs of oxidative stress and retained abundance of MAP-2 and rattin in association with cell survival. In addition, siRNA-mediated downregulation of MAP-2 or rattin significantly increased the vulnerability of retinal neurons or the number of degenerating cells in the cultures, respectively, whereas exogenous humanin peptide, an analog of rattin, promoted cell survival in cultures under hydrogen peroxide attacks. These results suggest that tetramethylpyrazine protect retinal cells through multiple pathways and might be a potential therapeutic candidate for retinal protection in certain optic neuropathies. #
Introduction
The death of retinal ganglion cells (RGCs) is a pathological hallmark as well as the final common pathway of various optic neuropathies, such as glaucoma, ischemia and aging-related retinal degeneration (Levin, 1997; Farkas and Grosskreutz, 2001) . Although the molecular mechanism of retinal degeneration remains poorly understood, accumulating evidence suggests that oxidative stress, excitotoxicity, and coherent intracellular calcium and proteasomal dysregulation, mitochondrial dysfunction and/or endoplasmic reticulum stress might have been profoundly implicated in the pathogenesis of retinal cell death (Bahr, 2000; Farkas and Grosskreutz, 2001) .
In this regard, excessive exposure of RGC to excitory amino acid glutamate causes apoptotic cell death in cultured RGC (Ferreira et al., 1998; Li et al., 1999) . This excitotoxic mechanism has been thought in association with RGC loss in glaucoma and retinal ischemia as well (Kapin et al., 1999; Luo et al., 2001; Guo et al., 2006) . Increased reactive oxygen species (ROS) with reduced antioxidant activity are always linked with degenerating changes in retina under neurologic insults (Beatty et al., 2000; Cai et al., 2000; Tezel, 2006) . ROSinduced oxidative damage, such as lipid peroxidation and protein carbonylation, has been repetitively demonstrated in various neurodegenerative disorders including retinopathies. Accordingly, antioxidants have been extensively investigated as potential pharmacological therapies for neuronal degeneration including optic neuropathies (Richer, 2000; Barnham et al., 2004; Casetta et al., 2005) .
Tetramethylpyrazine (TMP), an active ingredient in and an extract from a Chinese herbal medicine, Ligusticum wallichi Franchat (chuanxiong), has been commonly used in www.elsevier.com/locate/neuint the clinic for treatment of cardiovascular diseases in China (Ge and Zhang, 1994; Xu et al., 2003) . Previous studies have demonstrated strong neuroprotective effects of TMP both in vitro and in vivo. In this regard, TMP significantly suppresses oxidative stress and attenuates neuronal cell death in neuronal cultures induced by the excitotoxicity of glutamate analog (Li et al., 2000; Shih et al., 2002; Liao et al., 2004) and iron-mediated oxidative damage (Zhang et al., 2003) . TMP is also demonstrated as a calcium antagonist (Pang et al., 1996) . Systemic administration of TMP protected neuronal cells against ischemic or traumatic brain or spinal cord injury and promoted functional recovery in rodents and rabbit (Fan et al., 2006; Kao et al., 2006) . Improvements of learning and cognitive function by TMP were also reported in rodents following D-galactose-or arterial occlusioninduced brain lesions (Ni et al., 1995; Zhang et al., 2004) . In addition, TMP protects photoreceptor from drug-induced damage as well as optic nerve axon lesions caused by intraocular hypertension (Li et al., 2000; Yang et al., 2005) . Despite accumulating reports showing the cytoprotective effects of TMP, the pharmacological mechanism of TMP for neuroprotection is still poorly understood at the molecular level.
At subcellular and molecular levels, as both targets and main sources of endogenous ROS mitochondria have been considered as the central players for the signal transduction of cell death through releasing a group of apoptogenic proteins such as cytochrome c into cytosol following a collapse of their membrane integrity (Parone et al., 2003; Lin and Beal, 2006) . In this regard, Bcl-2 family members are the central regulators for the mitochondrial membrane permeability (Kroemer and Reed, 2000) . Among a long list of Bcl-2 interacting molecules, humanin as well as its homolog, i.e., rattin, is recently identified as a small antiapoptotic peptide in human and rodent cells, respectively (Hashimoto et al., 2001; Caricasole et al., 2002) . Through interacting with Bid to inhibit Bax protein activity, humanin has been found to protect neuronal cells from a variety of toxic insults (Guo et al., 2003; Nishimoto et al., 2004) . However, whether humanin/rattin plays a role in modulation of mitochondrial function and whether it is affected by the intervention of TMP in retinal cells in response to oxidative insults are completely unknown. In the present study, we demonstrated TMP-mediated protection for both neurons and non-neuronal cells in the mixed retinal cell cultures following a long-term cultivation as well as lethal exposures to hydrogen peroxide (H 2 O 2 ). While examining the molecular effects of TMP on retinal cells, we found that, in addition to its antioxidant potentialities, TMP retained abundance of MAP-2, a key regulator for microtubule structures as well as a receptor for growth and environmental factors in neurons (Dehmelt and Halpain, 2005; FontaineLenoir et al., 2006) . As downregulation of MAP-2 significantly increased vulnerability to insults, preservation of MAP-2 protein by TMP was associated with neuronal survival. Interestingly, we also observed the similar effects of TMP on expression of rattin correlated with cell survival in cells under stresses. These findings suggest that TMP confer multifold protection for retinal cells and might therefore be a potential therapeutic candidate for retinal protection in certain retinopathies.
Materials and methods

Materials
Poly-L-lysine (MW = 70-150 kDa), purified TMP, 30% hydrogen peroxide (H 2 O 2 ), total protein assay kit, rabbit anti-glial fibrillary acidic protein (GFAP) polyclonal IgG, rabbit anti-rattin polyclonal IgG, FITC-conjugated goat anti-rabbit IgG, and Cy3-conjugated sheep anti-mouse IgG were purchased from Sigma-Aldrich (St. Louis, MO). Cy3-conjugated donkey antirabbit IgG was purchased from Chemicon (Temecula, CA). Live-dead cell assay kit was obtained from Biovision (Exton, PA). Mouse anti-MAP-2 monoclonal IgG was obtained from Covance (Denver, PA). In situ cell death detection kit/fluorescein or TMR red was purchased from Roche (Indianapolis, IN). BIOXYTECH 1 MDA-586 TM assay kit was from Oxis International (Portland, OR). Amersham ECL reagents for Western blotting were obtained from GE Healthcare Bio-Sciences (Piscataway, NJ). Tetramethylrhodamine methyl ester (TMRM), Hoechst 33342, MitoSOX Red, lipofectamine 2000 and all the cell culture media/reagents and salt solutions were obtained from Invitrogen (Invitrogen, Carlsbad, CA). VectaShield mounting medium was purchased from Vector Laboratories (Burlingame, CA). ImProm-II TM reverse transcription system and reagents for polymerase chain reaction (PCR) were purchased from Promega (Madison, WI). Silencer siRNA Construction kit was obtained from Ambion (Houston, TX). Control siRNA was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Green fluorescent protein (GFP) vector, pEGFP-C3, was purchased from Clontech (Mountain View, CA). Humanin peptide was purchased from American Peptide (Sunnyvale, CA). All of the DNA oligonucleotides used for both PCR and siRNA construction were synthesized by Integrated DNA Technologies (Coralville, IA). Unless otherwise noted, all other chemicals were purchased from Sigma-Aldrich.
Animals and preparation of mixed retinal cell cultures
Sprague-Dawley (SD) rat pups (postnatal days 5-6) were sacrificed under CO 2 -gas-induced anesthesia, and the eyes were immediately enucleated. The retinas were dissected in Ca 2+ /Mg 2+ -free Hank's balanced salt solution by carefully removing the anterior segments under stereoscope. Dissected retinas were then incubated in 0.2% trypsin at 37 8C for 5 min, triturated, plated onto poly-L-lysine-coated culture dishes or four-well chamber slides at a density of 10 4 cm À2 in Neurobasal medium supplemented with B27 and GlutaMAX (Invitrogen), and grown in a humidified atmosphere containing 5% CO 2 at 37 8C. Media were changed every other day during the entire experimentation period. All experiments were performed in accordance with the guidelines regarding animal research issued by the National Institutes of Health as well as the Institutional Animal Care and Use Committees.
Treatments of retinal cell cultures
TMP was prepared as a 50 mM stock in dimethylsulfoxide (DMSO):saline (1:1, v/v). In the experiments to test the effects of TMP on cell survival following 4-week cultivation, 50 mM TMP or equal volume of vehicle was included in Neurobasal/B27 culture media from the third day after cell plating. H 2 O 2 was prepared by dilutions with culture media from a 30% stock. For H 2 O 2 -induced cytotoxicity and TMP-mediated neuroprotection experiments, the indicated amounts of drugs or equal volumes of vehicles were directly added to the culture media of cells 1 week after plating. These dosages were determined by preliminary experiments at the beginning. To test the neuroprotective effects of humanin peptide, 10 mM humanin or an equal volume of vehicle was directly included in the Neurobasal/B27 media 2 h before H 2 O 2 treatments. After treatments, cells were directly assayed for cell viability, harvested for biochemical analyses, or fixed for immunocytochemistry. 
siRNA preparation and transfections
siRNAs were prepared using the Ambion's Silencer siRNA Construction Kit according to the manufacturer's protocol. siRNA corresponding to rat MAP-2 siRNA1 sequence as previously described (Krichevsky and Kosik, 2002) was synthesized using the following oligonucleotide templates: sense 5 0 -CGAGAG-GAAAGACGAAGGATTCCTGTCTC-3 0 and antisense 3 0 -TCCTTCG-TCTTTCCTCTCGTGCCTGTCTC-5 0 . The templates used for synthesis of siRNA against rattin were sense 3 0 -AACGAGGGTTCAACTGTC-TCTCCTGTCTC-5 0 and antisense 3 0 -AAAGAGACAGTTGAACCCTCG-CCTGTCTC-5 0 . Transfections of siRNA were performed with Lipofectamine 2000 in both six-well plates and two-chamber slides as described previously (Tan et al., 2007) . Briefly, each 4 ml lipofectamine diluted in 100 ml Opti-MEM was mixed with 100 pmol MAP-2 siRNA or 100 pmol rattin siRNA plus 2 mg pEGFP-C3 plasmid in 100 ml Opti-MEM and formulated at room temperature for 20 min. Per well, 200 ml of formulated lipofectmaine-siRNA mixture was directly applied in the final volume of 2 ml Neurobasal/B27 media for six-well plates and 40 ml mixture was added into 0.5 ml media for two-chamber slides. The media were changed with fresh Neurobasal/B27 for further cultivation or treatments with TMP and/or H 2 O 2 16 h after transfections. Cells transfected with a control siRNA purchased from Santa Cruz Biotechnology were used as controls.
Morphology
After treatments, the general morphology of mixed retinal cell cultures was directly examined by differential interference contrast (DIC) microscopy with a Leica DM IRB microscope at a magnification of 200Â. Images were recorded using a Spot II CCD camera.
Live-dead cell assay
24 h after H 2 O 2 and/or TMP treatments, the cells were directly stained with live-dead cell staining kit according to the manufacturer's protocol. The results were evaluated by fluorescence microscopy with a Leica DM IRB microscope. Images were recorded using a Spot II CCD camera with equal exposure times for all the different treatments. For quantification, all green (live)-or red (dead)-fluorescent cells were counted in six randomly chosen, non-overlapped fields at a magnification of 200Â.
Mitochondrial membrane potential assay
Cells were loaded with 20 nM mitochondrial membrane-potential-sensitive dye TMRM and 10 nM Hoechst 33342 in Neurobasal medium for 15 min at 37 8C and 5% CO 2 after specific treatments. Digital imaging of TMRM/Hoechst 33342-stained cells was performed in the same way for live-dead cell assay.
TdT-mediated dUTP nick end-labeling (TUNEL)
After treatments, the retinal cells grown on chamber slides were fixed with 4% paraformaldehyde (PFA) in 1Â PBS (pH 7.4) at 4 8C for 20 min or 95% methanol at 4 8C for 10 min (for GFP-transfected cells) as described in our previous work (Tan et al., 2001) . TUNEL was performed following fixation using an in situ cell death detection (fluorescein or TMR red) kit according to the manufacturer's protocol. For double labeling slides were incubated in blocking buffer for 30 min at room temperature after TUNEL staining and followed by staining with a mouse anti-MAP-2 or a rabbit anti-rattin IgG. The immunoreactivity of MAP-2 or rattin was detected using a Cy3-conjugated sheep anti-mouse or donkey anti-rabbit IgG by fluorescence microscopy.
Immunocytochemistry
Following either PFA or methanol fixation, cells were then incubated with a mouse anti-MAP-2 IgG (1:500 in 1Â PBS) or a rabbit anti-rattin IgG (1:200 in 1Â PBS) alone or a mouse anti-MAP-2 IgG (1:500 in 1Â PBS) with either a rabbit anti-rattin IgG or a rabbit anti-GFAP IgG (1:400 in 1Â PBS) at room temperature for 3 h after 30 min blocking with a buffer containing 20 mM L-lysine and 3% rabbit and goat sera in 1Â PBS at room temperature. The immunoreactivity of MAP-2, GFAP and rattin was visualized with fluorescence microscopy following staining with Cy3-conjugated either sheep anti-mouse or donkey anti-rabbit IgG, or FITC-conjugated goat anti-rabbit IgG and covered with VectaShield 4 0 ,6 0 -diamidino-2-phenylindole (DAPI)-containing mounting medium. For quantification, all MAP-2-, GFAP-and/or TUNEL-positive cells following immunocytochemistry were counted in 10 randomly chosen and non-overlapped fields at magnification of 200Â. In rattin siRNA/GFP-transfected cells, TUNEL-positive cells were counted from 100 randomly chosen GFP-positive cells.
Western blotting
Retinal cell cultures were harvested at indicated times and sonicated in lysis buffer containing 50 mM Tris-HCl (pH 7.5), 5 mM EDTA, 150 mM NaCl, 0.5% NP-40 plus protease inhibitor cocktail mixture following specific cultivation or treatments. The resultant cell lysates were examined for total protein concentrations using Sigma total protein assay kit and 20-40 mg total protein of each lysate were resolved by 8% or 12.5% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a nitrocellulose membrane overnight at 4 8C. The membranes were incubated in Blotto blocking buffer for 45 min followed by incubation with a primary antibody for 3 h and a horseradish peroxidase-conjugated secondary antibody for 30 min. The results were visualized by ECL-enhanced chemiluminescence kit. Quantification of gel pixel intensity was performed with the UN-Scan-It software.
Synthesis of cDNA and PCR analysis
Total RNA was prepared from retinal cell cultures at indicated times after treatments using TRIZOL (Invitrogen). Total RNA (1.5 mg) was reverse transcribed with 1 mg oligo(dT) in 20 ml reaction mixture provided by ImProm-II TM reverse transcription system following the manufacturer's instruction. The reaction was stopped by adding 100 ml 10 mM Tris-HCl (pH 7.4) and 1 mM EDTA. 5 ml of the final diluted cDNA mixture was used for each PCR reaction. To analyze expression of rattin transcripts, PCR was performed using sense primer 5 0 -TTAGGGACTAGAATGAATGG-3 0 and antisense primer 5 0 -GGAGCTTCAATTTACTAGTT-3 0 based on published studies (Caricasole et al., 2002) . PCR reactions were subjected to 30 cycles (94 8C Â 30 s, 55 8C Â 30 s, 72 8C Â 30 s) in a PerkinElmer DNA Thermal Cycler and PCR products were resolved by 1.5% agarose gel electrophoresis. bActin was amplified as cDNA loading controls using the same condition except that primers were 5 0 -ATCAACTGGAGAACCATG CCCTGA-3 0 (sense) and 5 0 -AACGGCACTAGAAGAAGCTG GGAA-3 0 (antisense). Quantification of gel pixel intensity was performed in the same way for Western blotting with the UN-Scan-It software.
Determination of lipid peroxidation and mitochondrial ROS
Lipid peroxidation was examined through measuring malondialdehyde (MDA) content using a BIOXYTECH 1 MDA-586 TM assay kit following manufacturer's protocol with minor modification. Briefly, cells were harvested and homogenized in 0.1 M phosphate buffer (pH 7.4) and centrifuged at 14,000 rpm at 4 8C for 30 min. Protein concentrations of the supernatants were determined using Total Protein Assay Kit and immediately stored at À80 8C for use. To assay MDA content in the lysates (supernatants) prepared, 75 mg total protein of lysate (50 ml) was incubated with 2.5 ml probucol, 160 ml diluted R1 reagent and 37.5 ml of R2 at 45 8C for 60 min. The reaction mixture was then centrifuged at 10,000 Â g for 10 min and OD of the supernatant was detected at 586 nm using a Beckman spectrophotometer. MDA concentrations were calculated based on tetramethoxypropane (TMOP) standard curve as described in the manufacturer's protocol. Mitochondrial ROS in cells following treatments was detected by MitoSOX Red mitochondrial superoxide indicator dye following the manufacturer's protocol. Briefly, 5 mM MitoSOX Red was directly included in the Neurobasal/B27 cell growth media for 10 min at 37 8C with 5% CO 2 . Mitochondrial superoxides were visualized in situ under fluorescence microscopy following wash with warm PBS.
Data analysis
In all the graphs that include error bars, the data points represent the means AE S.E.M. from three to five independent repeats (i.e., N = 3-5). Where applicable multiple comparisons were performed by one-way ANOVA followed by Student's t-test in Microsoft Excel software. The differences between groups were considered statistically significant when p-values 0.05.
Results
TMP prolonged retinal cell survival in long-term cultivation in vitro
Due to the high vulnerability of differentiated neurons to the disturbance in the ambient environment, viable primary neuronal cultures show gradual cell death 2 or 3 weeks after plating. Initially mixed embryonic or postnatal neural cultures growing in serum-free Neurobasal/B27 media will be dominated by differentiated neurons as a result of glial loss during the cultivation (Brewer et al., 1993) . As previous studies showed protective effects of TMP on both cerebral and spinal neurons (Shih et al., 2002; Fan et al., 2006) , we first examined whether TMP would promote survival of retinal cell cultures by assessing the effect of TMP on the viability of retinal cells following 4-week cultivation in vitro. Accordingly, 50 mM TMP or vehicle was included in Neurobasal/ B27 growth media during the cultivation. Notably, DIC microscopy revealed a healthy appearance of retinal neurons with plumpy neuronal processes that were lined by nonneuronal looking cells underneath in TMP-treated cultures 4 weeks after plating (Fig. 1B) . In contrast, the cultures with vehicle manifested relatively low numbers of cells in the field and an unhealthy appearance of retinal neurons with retraction of processes and shrinkage of cell bodies (Fig. 1A) . Dual immunocytochemistry of both MAP-2 and GFAP, two molecular markers for neurons and astrocytes, respectively, revealed MAP-2-positive neurons (Fig. 1C-F) underlined by the confluent astrocytic glia ( Fig. 1G and H) in both vehicle-and TMP-treated cultures. Quantification of these results demonstrated significantly higher numbers of MAP-2-positive retinal neurons (Fig. 1I ) and a slight increase, which is not statistically significant, in the number of astrocytes in the TMP-treated cultures than these with vehicle (Fig. 1J) .
TMP attenuated hydrogen peroxide-induced cell death in retinal cell cultures
Accumulating evidence suggests that the cytoprotective effect of TMP might be mediated by its antioxidant potentialities in cells (Shih et al., 2002; Zhang et al., 2003; Yang et al., 2005) . In agreement with these observations, we detected a strong protective effect of TMP on retinal cells against ROS generator, H 2 O 2 -induced cytotoxicity. 1-week-old retinal cell cultures were treated with low (10 mM) or high (50 mM) H 2 O 2 with either 50 mM TMP or vehicle. 24 h after treatments cultures were directly assayed by live-dead cell assay kit. Fluorescence microscopy demonstrated massive cell death following either low or high dose of H 2 O 2 treatment ( Fig. 2A-F) . In contrast, in the presence of 50 mM TMP most cells were stained as green for ''live'' following H 2 O 2 treatments (Fig. 2J-O) . Quantification of these results shows that TMP significantly protected culture cells from H 2 O 2 -induced cell death (Fig. 2P) .
Inhibition of H 2 O 2 -induced neuronal cell death was further confirmed by double labeling of TUNEL and MAP-2 neuronal marker. Strikingly, following H 2 O 2 treatments most cells were TUNEL-negative in the presence of TMP (Fig. 3A) , while these in vehicle groups exhibited extensively TUNEL-positive (Fig. 3H ) demonstrated significantly lower numbers of TUNEL-positive cells for the H 2 O 2 -treated cultures in the presence of TMP than those with the vehicle, suggesting a significant protection of TMP on both neuronal and non-neuronal cells in mixed retinal cell cultures against H 2 O 2 -induced cell damage.
Attenuation of mitochondrial membrane depolarization and oxidative stress by TMP
As known, mitochondrial collapse is a common and essential step in cell death pathways. Therefore, we sought to examine whether TMP prevents depolarization of mitochondrial membrane during the neuronal cell death induced by H 2 O 2 treatments. The loss of mitochondrial membrane potential was evaluated by TMRM staining. Consistent with the results from cell death assays, TMRM was observed to stain almost all the cells in control (Fig. 4A and B) and most H 2 O 2 -treated cells with the addition of TMP (Fig. 4E and F) , but not in these cultures with H 2 O 2 and vehicle ( Fig. 4C and  D) . These results indicate that TMP attenuates H 2 O 2 -induced loss of mitochondrial membrane potential, i.e., depolarization. Interestingly, the loss of mitochondrial membrane potential in retinal cells following H 2 O 2 treatments correlated with a remarkable accumulation of mitochondrial ROS (Fig. 4H ) in comparison with either vehicle controls (Fig. 4G) or those with TMP (Fig. 4I) as detected by MitoSOX Red staining. To examine this further the products of lipid peroxidation, MDA, in whole cell lysates was measured. 24 h treatment with either 10 mM or 50 mM H 2 O 2 resulted in a striking elevation of MDA amounts in association with increased retinal cell death (Fig. 4J) . In contrast, this increase was significantly inhibited by the addition of TMP (Fig. 4J) .
TMP retained neuronal MAP-2 to contribute to the protection of retinal neurons
When labeling retinal neurons with MAP-2 antibody as shown above, we detected the cytoplasmic immunoreactivity of MAP-2 present in both neuronal soma and processes in normal retinal neurons in 1-2-week-old untreated cultures (data not shown) as well as those with the presence of TMP in their growth media (Figs. 1D, F and H and 3B and C) . Interestingly, we noticed a remarkable loss of MAP-2 immunoreactivity in the compartment of cell soma following either long-term cultivation or treatments with H 2 O 2 (Figs. 1C, E and G and 3E and F) . These findings were corroborated at protein level by Western blot using the same MAP-2 antibody (Fig. 5A, first  panel) . To investigate the significance of MAP-2 downregulation in cell soma of neurons under challenging, specific siRNA against rat MAP-2 was employed to knockdown expression of MAP-2 protein. 16 h after transfection with MAP-2 siRNA cells exhibited a progressive decrease in levels of MAP-2 up to 40 h as shown by Western blots (Fig. 5A, third  panel) . Apparently, the loss of MAP-2 in cell soma seems neither to cause significantly visible morphological changes nor directly to trigger neuronal cell death in our experimentation periods as examined by double labeling of TUNEL and MAP-2 (Fig. 5B) . Since MAP-2 regulates the structure and function of microtubule system (Dehmelt and Halpain, 2004) , we hypothesized that loss of MAP-2 in neuronal soma might raise the vulnerability of neurons in response to oxidative stress. To test this premise, cells were treated with a sublethal dose of 0.5 mM H 2 O 2 for 24 h at 16 h after siRNA transfection. Under this circumstance, there were no noticeable cell death in both untransfected (data not shown) or control siRNA-transfected retinal cells as detected by TUNEL (Fig. 5D) . In contrast, most neurons whose soma regions showed very low levels of MAP-2 immunoreactivity due to siRNA transfection were TUNELpositive following exposures to the low level (0.5 mM) of H 2 O 2 (Fig. 5C) . Quantification of the results revealed a statistically significant increase in the number of TUNEL-positive neurons following siRNA-mediated MAP-2 downregulation (Fig. 5E ).
TMP inhibited ROS-induced downregulation of rattin associated with retinal cell survival
Previous studies found that TMP protected mitochondrial function through regulating expressions of mitochondrial Bcl-2 family proteins that directly modulate mitochondrial permeability in the central nervous system (CNS) Kao et al., 2006) . Since the mitochondrial integrity is modulated by humanin/rattin, we sought to examine whether TMP also modulates expression of rattin in retinal cells to contribute to its neuroprotective effects. Double labeling of rattin and MAP-2 detected a dramatic loss of rattin immunoreactivity in cells after 10 mM H 2 O 2 treatment ( Fig. 6C and D) . Conversely, the control and those with TMP showed evident immunoreactive signals for most cells (Fig. 6A , B, E and F). These results were further strengthened at the protein level by Western blot and at the mRNA level by RT-PCR analysis of rattin transcripts ( Fig. 6G and H) . Similar loss of rattin protein was also detected in cells after 4-week longterm cultivation. To investigate the pathophysiological significance of rattin loss in the pathogenesis of retinal cell death, a specific siRNA targeting rattin mRNA was used to knockdown expression of rattin in cultured retinal cells. siRNA-mediated downregulation of rattin protein was firstly confirmed by both immunocytochemistry (Figs. 6L-N) and Western blots (Fig. 6U ) 30 h after transfection. Control siRNA had no effect on abundance of rattin protein (Fig. 6I-K and U) . TUNEL staining detected that most rattin siRNA-transfected cells as manifested by GFP fluorescence were TUNEL-positive, whereas control siRNA showed no effect on TUNEL signal. Quantification of these results demonstrated a striking increase in cell damage as shown by TUNEL following downregulation of rattin. To evaluate further the importance of rattin in retinal cell survival, we investigated whether addition of exogenous rattin analog/homolog peptide, i.e., humanin, protects retinal cells from H 2 O 2 -induced cell death. as ''live'' in the presence of 10 mM humanin. In contrast, most cells with vehicle showed dead following the identical H 2 O 2 treatments (Figs. 6I-O and 7) .
Discussion
The beneficial effects of TMP on the CNS against stresses have previously been demonstrated (Liao et al., 2004; Kao et al., 2006) . TMP significantly attenuates neural cell damage in the CNS in response to either toxic or traumatic insults and shows strong anti-oxidant activity (Shih et al., 2002; Liao et al., 2004) . Here, we demonstrate that TMP prolonged neuronal cell survival and rescued cells from H 2 O 2 -induced degeneration in mixed retinal cell cultures. TMP maintained a significantly higher number of MAP-2-positive neurons in the mixed retinal cell cultures after 4-week cultivation. Similar protective effects were also observed for both MAP-2-labeled neurons and nonneuronal cells, of which the majority of them were identified as GFAP-positive astrocytes, in cultures following H 2 O 2 exposures. Importantly, these results were correlated with the striking inhibition of both lipid peroxidation and mitochondrial ROS production in the cultures with TMP. Our findings therefore substantiate the knowledge about the antioxidant potency of TMP for neural cells.
The pharmacological significance of TMP-mediated preservation of MAP-2 protein in neurons is underscored by the detection of an increased vulnerability of cells with low level of MAP-2 to insults in this study. siRNA-mediated suppression of MAP-2 dramatically raised the degree of damage for neurons following sublethal H 2 O 2 exposures. Besides acting as an important regulator for the cytoskeleton through the interaction with microtubules, MAP-2 protein has been known to play key roles in neuronal responses to growth factors and other environmental factors (Dehmelt and Halpain, 2005; FontaineLenoir et al., 2006) . Loss of MAP-2 could be a severe disturbance in the dynamic integrity of neuroarchitecture and the metabolic homeostasis of neurons and thereby promote neuronal cell death in response to stress. Accordingly, specific siRNA-mediated downregulation of MAP-2 dramatically increased vulnerability of retinal neurons to ROS attacks. In this case, about 70% of retinal neurons that had very low levels of MAP-2 following siRNA transfection were detected as TUNEL-positive due to a sublethal exposure to ROS. This observation is in agreement with previous studies that demonstrated reduction of MAP-2 in degenerating neurons induced by ROS-generating agents in vitro or ischemia in vivo (Wang et al., 2001; Fifre et al., 2006) . Although the discrepancy of glial support might indirectly intervene neuronal surviving in the presence of TMP, retaining of the neuronal-specific MAP-2 protein in neuronal soma by TMP appeared to increase specifically the resistance of neurons to attacks.
Moreover, in the present study we found that TMP retained rattin in association with an increased cell survival in rat retinal cells following either long-term cultivation or H 2 O 2 exposures. Exogenous rattin analog, humanin peptide, efficiently rescued cells from lethal exposures to H 2 O 2 . Studies have shown that humanin protects neuronal cells from damage caused by Alzheimer's insults (Hashimoto et al., 2001; Caricasole et al., 2002) . Conversely, downregulation of humanin sensitizes cells to Bax and increases Bax translocation to membranes and promotes the release of cytochrome c for progression of programmed cell death (Guo et al., 2003) . TMP treatment significantly attenuated cytochrome c release and activation of caspases in ischemic brain or PC12 cells exposed to H 2 O 2 Kao et al., 2006) . Thus, our findings support the idea that TMP preserves expression of humanin/ rattin to contribute to its mitoprotective effects and to promote, in part, retinal cell survival against attacks, although further studies are warranted to explore the mechanism of TMPmediated preservation of rattin expression. Moreover, application of exogenous humanin peptide might be an efficient therapeutic approach to counteract cell loss in certain retinopathies.
In summary, we have shown that TMP efficiently protects both neuronal and non-neuronal cell survival in mixed retinal cell cultures against stresses. In addition to its strong antioxidant potency, TMP preserves expression or abundance of both MAP-2 and humanin/rattin that is associated with retinal cell survival. These observations suggest that TMP might be a potential candidate for the development of neuroprotective therapeutics against the loss of retinal cells in optic neuropathies. Exogenous humanin peptide rescues retinal cells and may be a potential therapeutic strategy for certain retinopathies with cell death. Further studies are required to clarify the possible discrepancy of TMP effects on retina between rodents and humans.
